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VXPPDUL]HVWKLVVWXG\DQGLGHQWLILHVSRWHQWLDOYHQXHVIRUIXWXUHUHVHDUFK
3UHOLPLQDULHV
7KLVVHFWLRQLQWURGXFHVWKHQRWDWLRQDQGDVVXPSWLRQVRIWKHIRUPXODWHG'5$PRGHODEULHIUHYLHZRIWKHHDUOLHVW
DUULYDO IORZ SUREOHP DV ZHOO DV WKH %HQGHUV GHFRPSRVLWLRQ VFKHPH WKDW ZLOO EH XVHG WR GHYHORS WKH VROXWLRQ
DOJRULWKPIRUWKH'5$IRUODUJHVFDOHQHWZRUNDSSOLFDWLRQV
2.1. Notation and assumptions 
&RQVLGHUWKH'5$SUREOHPRQDWUDQVSRUWDWLRQQHWZRUNGHQRWHGE\   & $  UHSUHVHQWVDVHWRIQRGHVDQG
GHQRWHVDVHWRIDUFVZKHUHWKHQRGHVFRUUHVSRQGWRLQWHUVHFWLRQVRUPHUJLQJDQGGLYHUJLQJSRLQWVDQGWKHDUFV
FRUUHVSRQGWRURDGOLQNV$VXEVHWRIQRGHV ZLWKFDUGLQDOLW\ UHSUHVHQWVMFDQGLGDWHORFDWLRQVIRU
GHSOR\LQJPRYHDEOHUHVRXUFHV'HQRWHE\ DVHWRIUHVRXUFHVWREHDVVLJQHGG\QDPLFDOO\LQWKHQHWZRUN7KHWRWDO
QXPEHURIPRYHDEOH UHVRXUFHV LV 7KHHYDFXDWLRQ WLPHKRUL]RQ LVGLYLGHG LQWRD VHWRIGLVFUHWH WLPH
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VWHSV  /HW UHSUHVHQWV WKH VHW RI RULJLQV DQG UHSUHVHQWV D YLUWXDO VLQJOH GHVWLQDWLRQ
DOVRNQRZQDVWKHVXSHUVLQNLQHYDFXDWLRQVWXGLHV&KLXHWDOZKLFKFRQQHFWVDOOGHVWLQDWLRQVVDIH]RQHV
1RWH WKDW WKLV SDSHU IRFXVHV RQ WKH VLQJOH GHVWLQDWLRQ QHWZRUN VWUXFWXUH 7KLV KRZHYHU GRHV QRW UHVWULFW WKH
HYDFXDWLRQSUREOHPVLQFHPXOWLSOHGHVWLQDWLRQVFRXOGZLWKRXWORVVRIJHQHUDOLW\EHFRQQHFWHGWRWKHYLUWXDOVXSHU
VLQNVRWKDWWKHVLQJOHGHVWLQDWLRQQHWZRUNVWUXFWXUHDSSOLHV
7KHQRWDWLRQXVHGLQFOXGHVL DVLQGLFHVIRUQRGHVLL RU WRUHSUHVHQWDVSHFLILFOLQN
ZLWKWDLOQRGH i DQGKHDGQRGH j LLL DVDQLQGH[IRUPRYHDEOHUHVRXUFHVWREHDVVLJQHGWRWKHHYDFXDWLRQ
QHWZRUN DQG LY DV LQGLFHV IRU WLPH VWHSV 6XSHUVFULSW ' LV XVHG WR UHSUHVHQW WUDQVSRVH RI D YHFWRU RU
PDWUL[$GGLWLRQDOQRWDWLRQZLOOEHLQWURGXFHGZKHQQHFHVVDU\
7KH'5$SUREOHPLQWKLVVWXG\KDVWKHIROORZLQJDVVXPSWLRQV
$VVXPSWLRQ$WPRVWRQHPRYHDEOHUHVRXUFHFDQEHDVVLJQHGWRDQLQWHUVHFWLRQRQFHWKURXJKRXWWKHHYDFXDWLRQ
SURFHVV
$VVXPSWLRQ7KHPLQLPXPWLPHDPRYHDEOHUHVRXUFHLVDVVLJQHGWRDORFDWLRQLVDWOHDVW H ! FRQVHFXWLYHWLPH
VWHSV
$VVXPSWLRQ7KHUHVRXUFH WUDQVLWLRQ WLPHIURPORFDWLRQ i WR j LVVXEMHFW WRDFRQVWDQWYDOXH ijc WKURXJKRXW WKH
HYDFXDWLRQSURFHVV
)URPDPRGHOLQJVWDQGSRLQW$VVXPSWLRQDVVLVWV WR IRUPXODWH WKH'5$SUREOHPZLWKD OLQHDUFRQVWUDLQW VHW
ZKLFKPDNHVWKHPRGHOWUDFWDEOH)RUQRQRWLFHHYDFXDWLRQDVDOOHYDFXDWLRQGHPDQGLVORDGHGLQWRWKHQHWZRUNDW
WKHEHJLQQLQJWLPHWKHDVVLJQHGPRYHDEOHUHVRXUFHVKRXOGVWD\DWWKHVDPHERWWOHQHFNEHIRUHHYDFXHHVJHWFOHDUHG
,IDPRYHDEOHUHVRXUFHLVDVVLJQHGWRDQRWKHUORFDWLRQDIWHUVHUYLQJRQHORFDWLRQZLWKRXWGHPDQGEHLQJFOHDUHGLW
ZRXOG UHVXOW LQ WKURXJKSXW ORVV GXULQJ WKH WUDQVLWLRQ WLPH FRPSDUHG WR VWD\LQJ DW WKH VDPH ORFDWLRQ 7KXV
$VVXPSWLRQLVUHDVRQDEOHLQWKLVFRQWH[W
$VVXPSWLRQDLPVWRUHGXFHWKHIUHTXHQF\RIUHVRXUFHUHDOORFDWLRQGXULQJHYDFXDWLRQ$VGLVFXVVHGLQ+HDQG
3HHWD  IUHTXHQW FKDQJHV LQ WKH ORFDWLRQRI D UHVRXUFH FDQ UHGXFH HYDFXDWLRQ HIILFLHQF\EHFDXVHPRYLQJ D
UHVRXUFH IURP RQH ORFDWLRQ WR DQRWKHU LPSDFWV WKH VXUURXQGLQJ HYDFXDWLRQ WUDIILF +RZHYHU LW LV WKHRUHWLFDOO\
SRVVLEOH WKDW DFKLHYLQJ D JOREDO V\VWHP RSWLPXP PD\ UHTXLUH DGMXVWLQJ UHVRXUFH ORFDWLRQV IUHTXHQWO\ ,Q WKLV
FRQWH[W $VVXPSWLRQ  FDQ KHOS HPHUJHQF\ PDQDJHPHQW DJHQFLHV SUHFOXGH '5$ VROXWLRQV ZLWK LPSUDFWLFDO
GHSOR\PHQWV DQG IRFXV RQ WKRVH DVVLJQLQJ OLPLWHG UHVRXUFHV WR WKHPRVW FULWLFDO LQWHUVHFWLRQVZLWKRXW DGGLWLRQDO
RSHUDWLRQDOFRPSOH[LW\
$VVXPSWLRQLQGLFDWHVWKDWDWUDQVLWLRQWLPHLVQHFHVVDU\WRPRYHDUHVRXUFHIURPRQHORFDWLRQWRDQRWKHU7KH
WUDQVLWLRQWLPHLQFOXGHVWKHUHVRXUFHWUDYHOWLPHLQWKHQHWZRUNDVZHOODVWKHUHGHSOR\PHQWWLPHDWWKHQHZORFDWLRQ
,Q SUDFWLFH WKH WUDQVLWLRQ WLPH EHWZHHQ WZR ORFDWLRQV FDQ EH DIIHFWHG E\ WKH WUDIILF FRQGLWLRQV +RZHYHU
LQFRUSRUDWLQJ WLPHGHSHQGHQW WUDYHO WLPH LQFUHDVHV PRGHO FRPSOH[LW\ DQG FRPSXWDWLRQDO EXUGHQ )XUWKHU DV
PRYHDEOH UHVRXUFHV DUH XVXDOO\ WUDQVIHUUHG XVLQJ HPHUJHQF\ YHKLFOHV WKDW KDYH WKH ULJKWRIZD\ WKURXJKRXW WKH
HYDFXDWLRQSURFHVVWKHWUDQVLWLRQWLPHEHWZHHQWZRVSHFLILFORFDWLRQVFDQEHDSSUR[LPDWHGDVKDYLQJDIL[HGYDOXH
GXULQJHYDFXDWLRQ
2.2. Earliest arrival flow formulation 
,Q+HDQG3HHWD  WKH&70 LVGHSOR\HG WRPRGHO WUDIILF IORZG\QDPLFVGXULQJHYDFXDWLRQ ,W LVXVXDOO\
EHOLHYHG WKDW WKH &70 FDQ PRUH UHDOLVWLFDOO\ PRGHO IORZ G\QDPLFV DQG TXHXH VSLOOEDFN +RZHYHU WKH &70
UHTXLUHVWKHGLYLVLRQRIDOLQNLQWRVPDOOFHOOVDQGWKHWLPHKRUL]RQLQWRVPDOOWLPHVWHSVUHVXOWLQJLQDSURKLELWLYHO\
ODUJHQXPEHURIYDULDEOHV
=KHQJHWDOGHPRQVWUDWHWKDWWKH&70FRQVWUDLQWVFRXOGEHUHOD[HGLQWKH62'7$RQDVLQJOHGHVWLQDWLRQ
QHWZRUN7KH\VKRZWKDW62'7$ZLWKRXW&70FRQVWUDLQWV LV WKHRUHWLFDOO\RQHRSWLPDOVROXWLRQRI WKH62'7$
SUREOHPHPEHGGHGZLWKWKH&707KHLUILQGLQJVDOVRDSSO\IRUWKHHYDFXDWLRQSUREOHPZKLFKLVFKDUDFWHUL]HGE\
WKHREMHFWLYHRIPLQLPL]LQJWKHWRWDOV\VWHPWUDYHOWLPHRQDVLQJOHGHVWLQDWLRQQHWZRUN7KHVLPSOLILHGSUREOHPLV
FDOOHG WKH ($) SUREOHP ZKLFK ILQGV D G\QDPLF IORZZLWK WKH HDUOLHVW DUULYDO SDWWHUQ RQ WKH RULJLQDO QRGHOLQN
QHWZRUNZLWKRXWWKHGLYLVLRQRIFHOOV

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)LJ$UULYDOSDWWHUQRIDQHDUOLHVWDUULYDOIORZ

*LYHQDWLPHKRUL]RQ DQGDG\QDPLFQHWZRUN ZKHUHHDFKDUF LVDVVRFLDWHGZLWK
D FDSDFLW\ qij DQG D WUDYHUVDO WLPH ijK  D IORZRYHU WLPH LV FDOOHG DQ($) LI WKH DPRXQWRI IORZ WKDW KDV DOUHDG\
UHDFKHG WKHVLQNXQWLO WLPHW LVPD[LPDOVLPXOWDQHRXVO\IRUDOOSRVVLEOH WLPHSRLQWV  d W d T /HW vPD[ W  EH WKH
YDOXHRIWKHPD[LPXPG\QDPLFIORZWKDWFDQEHVHQWIURPDOOVRXUFHVWRWKHVLQNXQWLOWLPH W DQ($)DFKLHYHVWKH
YDOXHRI vPD[ W  DWDQ\WLPHSRLQW߬VXFKWKDW  d W d T 
7KHDPRXQWRIH[LWLQJIORZLVPD[LPDODWHYHU\WLPHSRLQWLQDQ($))LJLOOXVWUDWHVWKHDUULYDOSDWWHUQRIDQ
($),IWKHUHLVDVLQJOHRULJLQWKHH[LWLQJIORZDWWKHGHVWLQDWLRQQRGHLVFRQYH[LIWKHUHDUHPXOWLSOHRULJLQVWKH
H[LWLQJIORZLVQRWFRQYH[LH WKHIORZUDWHFRXOGGURSZKHQDQRULJLQGHSOHWHVLWVGHPDQG)RUH[DPSOH)LJ
GHPRQVWUDWHV WKDW VRXUFHV S SDQG S EHFRPHHPSW\DW WLPHVW W   DQGW  UHVSHFWLYHO\FKDUDFWHUL]HGE\D
GHFOLQLQJDUULYDOUDWH
*DOHDQG3KLOSRWWVKRZHGLQGLVFUHWHDQGFRQWLQXRXVWLPHUHVSHFWLYHO\WKHH[LVWHQFHRIDQ($)
RQDVLQJOHVRXUFHVLQJOHVLQNQHWZRUN ,WVKRXOGEHQRWHG WKDWDQ($)PD\QRWH[LVWRQDQHWZRUNZLWKPXOWLSOH
VLQNV)OHLVFKHUSUHVHQWHGDQLQVWDQFHRQDQHWZRUNZLWKWZRVLQNVZKHUHDQ($)GRHVQRWH[LVW2QDVLQJOH
VLQN QHWZRUNZLWKPXOWLSOH VRXUFHV DQ($)GRHV H[LVW LI WKH QHWZRUNSDUDPHWHUV DUH SUHGHILQHG )OHLVFKHU DQG
6NXWHOOD
,QWKLVVWXG\WKH($)RI=KHQJHWDOLVHPSOR\HG7KHIRUPXODWLRQRIWKH($)SUREOHPLVUHSUHVHQWHGE\
(TV±
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2.3. Benders decomposition 
7KH %HQGHUV GHFRPSRVLWLRQ VFKHPH LV ZHOO NQRZQ IRU VROYLQJ VWRFKDVWLF SURJUDPPLQJ DQG PL[HG LQWHJHU
SURJUDPPLQJSUREOHPVZKLFKW\SLFDOO\KDYHDVHSDUDEOHVWUXFWXUH%HQGHUVGHFRPSRVLWLRQKDVEHHQZLGHO\DSSOLHG
WR SUREOHPV LQ PDQ\ GRPDLQV VXFK DV HOHFWULFLW\ VXSSO\ LQYHVWPHQW HJ $QGHUVRQ  LQGXVWULDO DOORFDWLRQ
V\VWHP GHVLJQ HJ *HRIIULRQ DQG *UDYHV  ZDWHU UHVRXUFHV PDQDJHPHQW HJ &DL HW DO  DQG
K\GURWKHUPDOFRRUGLQDWLRQSUREOHPVHJ&HULVRODDQG5DPRV
7KH%HQGHUVGHFRPSRVLWLRQVFKHPHKDV ORQJEHHQDSSOLHG WRSUREOHPV LQ WUDQVSRUWDWLRQGRPDLQ)ORULDQHWDO
DSSOLHG WKLV VFKHPH WR ORFRPRWLYHVFKHGXOLQJSUREOHP5LFKDUGVRQGHYHORSHGDVROXWLRQDOJRULWKP
EDVHGRQ%HQGHUVGHFRPSRVLWLRQWRVROYHDLUFUDIWURXWLQJSUREOHP)LVKHUDQG-DLNXPDUDSSOLHGWKLVVFKHPH
WR GHVLJQ D KHXULVWLF PHWKRG IRU YHKLFOH URXWLQJ SUREOHP 0DUXIX]]DPDQ HW DO  DSSOLHG WKH %HQGHUV
GHFRPSRVLWLRQPHWKRGWRGHVLJQDKXEDQGVSRNHQHWZRUNIRUDELRIXHOVXSSO\FKDLQV\VWHP
&RQVLGHUDQRSWLPL]DWLRQSUREOHPZLWKWKHIROORZLQJVWUXFWXUH
    ^ `PLQ _  fc   d  tZ [ \ $[ ) \ J \ < [   
ZKHUHGHFLVLRQYDULDEOHV \ DUHELQDU\DQGWKXVDUHGLIILFXOWWRVROYH7KHPDLQLGHDEHKLQG%HQGHUVGHFRPSRVLWLRQ
LV WR VROYH DQ HDVLHU SUREOHPRYHU [ E\ WHPSRUDULO\ IL[LQJ \  WKHQXVH WKHSDUDPHWHUL]HG VROXWLRQ [ \  DQG WKH
GXDOLW\SURSHUW\ WR LPSURYH WKH HVWLPDWHRI WKHRSWLPDOYDOXHRI \ 7KHRULJLQDO%HQGHUVGHFRPSRVLWLRQ VFKHPH
UHTXLUHV WKDW WKH UHPDLQLQJ SUREOHP LV D OLQHDU SURJUDP DIWHU \ DUH IL[HG VXFK WKDW GXDOLW\ WKHRUHP LQ OLQHDU
SURJUDPPLQJ FDQ EH XVHG WR JHQHUDWH FXWWLQJ SODQHV WR VROYH IRU WKH GLIILFXOW SUREOHP RYHU YDULDEOHV \  /DWHU
*HRIIULRQGHYHORSHGDJHQHUDOL]HG%HQGHUVGHFRPSRVLWLRQVFKHPHLQZKLFKWKHVXESUREOHPXQGHUWKHIL[HG
\ FDQEHQRQOLQHDU
)RUDQRSWLPL]DWLRQSUREOHPZLWKWKHVWUXFWXUHDV%HQGHUVGHFRPSRVLWLRQFRQWDLQVWKHIROORZLQJIRXUVWHSV
%HUWVLPDVDQG7VLWVLNOLV
6WHS,GHQWLI\DIHDVLEOHG\QDPLFUHVRXUFHDOORFDWLRQVROXWLRQ \ E\VROYLQJWKHUHVWULFWHGPDVWHUSUREOHP
  ^ `

PLQ
z
z f 
\
\ \ <  
'HQRWH z WKHRSWLPDOYDOXHRI z 
6WHS)RUWKHFXUUHQWO\IL[HG \ VROYHWKHGXDOSUREOHPRI  ^ `PLQ _ c d  tZ [ $[ J ) \ [  LH
   ^ `PD[ _ c c d dJ ) \ X $ X Z X   
6WHS,IWKHGXDOSUREOHPLVXQERXQGHGWKHQJHQHUDWHD%HQGHUVIHDVLELOLW\FXW
    c dJ ) \ X  
$GGWKHFXWLQWRWKHUHVWULFWHGPDVWHUSUREOHP*RWR6WHS
,I WKH GXDO SUREOHP LV ERXQGHG DQG LWV REMHFWLYH IXQFWLRQ YDOXH LV JUHDWHU WKDQ z  WKHQ JHQHUDWH D %HQGHUV
RSWLPDOLW\FXW
   n n zc dJ ) \ X  
$GGWKHFXWLQWRWKHUHVWULFWHGPDVWHUSUREOHP*RWR6WHS
,IWKHGXDOSUREOHPLVERXQGHGDQGLWVREMHFWLYHIXQFWLRQYDOXHLVHTXDOWRWKHFXUUHQWYDOXHRI z WKHSUREOHPLV
VROYHGWRRSWLPDOLW\DQGWKHSURFHVVLVVWRSSHG
,I WKHGXDOSUREOHPLVLQIHDVLEOH LW LQGLFDWHVWKDWWKHSULPDOSUREOHPLVHLWKHULQIHDVLEOHRUXQERXQGHGDQGWKH
SURFHVVLVVWRSSHG
6WHS6ROYHWKHUHVWULFWHGPDVWHUSUREOHP
      

PLQ   
z
z f z­ ½c c t  t  ª º ª º® ¾¬ ¼ ¬ ¼¯ ¿\
\ J ) \ X J ) \ X \ <  
8SGDWHYDULDEOHV \ DQG z *RWR6WHS
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$V%HQGHUV GHFRPSRVLWLRQ UHTXLUHV WR VROYH WKH DX[LOLDU\ SUREOHP  DQG WKH UHVWULFWHGPDVWHU SUREOHP 
LWHUDWLYHO\ LWVFRPSXWDWLRQDOHIILFLHQF\GHSHQGVKHDYLO\RQ WKHHIIHFWLYHQHVVRI WKH%HQGHUVFXWVSURGXFHGE\ WKH
DX[LOLDU\ SUREOHP  DQG WKH HIILFLHQF\ RI VROYLQJ WKH UHVWULFWHGPDVWHU SUREOHP7R HQKDQFH WKH FRPSXWDWLRQDO
HIILFLHQF\DGGLWLRQDOFXWVPD\EHLQWURGXFHGLQWRWKHUHVWULFWHGPDVWHUSUREOHPWRLGHQWLI\DQRSWLPDOVROXWLRQ
PRUHTXLFNO\
)RUPXODWLQJWKHG\QDPLFUHVRXUFHDOORFDWLRQSUREOHP
,QWKLVVHFWLRQDPL[HGLQWHJHUOLQHDUSURJUDPPLQJ0,/3PRGHOLVGHYHORSHGIRUWKH'5$SUREOHPXQGHUQR
QRWLFHHYDFXDWLRQ7KHSURSRVHGPRGHOGHWHUPLQHVWKHVFKHGXOHRIDVVLJQLQJOLPLWHGQXPEHURIPRYHDEOHUHVRXUFHV
WRDSSURSULDWHLQWHUVHFWLRQVGXULQJWKHHYDFXDWLRQWLPHKRUL]RQ,WHPSOR\VWKH($)=KHQJHWDOWRGHWHUPLQH
WKHHYDFXDWLRQ URXWLQJ%LQDU\GHFLVLRQYDULDEOHV DUH LQWURGXFHG WRGHWHUPLQH WKH ORFDWLRQVZKHUHHDFKPRYHDEOH
UHVRXUFHLVDVVLJQHGWRDQGWKHGXUDWLRQWKDWDQDVVLJQHGUHVRXUFHVKRXOGVWD\DWDVSHFLILFORFDWLRQ$OOWKHPRYHDEOH
UHVRXUFHV DUH DVVXPHG WR URXWH WKH YHKLFOHV WKURXJK WKH LQWHUVHFWLRQVZLWKRXW FURVVLQJFRQIOLFWV DV GLVFXVVHG LQ
1DVVLU HW DO 7KH UHVW RI WKLV VHFWLRQZLOO ILUVW SUHVHQW WKHGHFLVLRQYDULDEOHV XVHG LQ WKHPRGHO DQG WKHQ
FRQVWUXFW WKH REMHFWLYH IXQFWLRQ DQG FRQVWUDLQWV LQ WKH 0,/3 PRGHO IROORZHG E\ D VXPPDU\ RI WKH DQDO\WLFDO
SURSHUWLHVRIWKHSURSRVHGPRGHO
3.1. Decision variables 
/HW yip
W EHELQDU\GHFLVLRQYDULDEOHVLQWKHSURSRVHGPRGHO,IUHVRXUFH p LVDVVLJQHGWRORFDWLRQ i DWWLPHVWHS
W  yip
W  RWKHUZLVH yip
W  ,QDGGLWLRQOHW Sip
W DQG Eip
W EHELQDU\DX[LOLDU\YDULDEOHV,I W LVWKHILUVWWLPHVWHSLQ
ZKLFK UHVRXUFH p LV DVVLJQHG WR ORFDWLRQ i  Sip
W    RWKHUZLVH Sip
W    $QG LI W LV WKH ODVW WLPH VWHS LQ ZKLFK
UHVRXUFH p LVDVVLJQHGWRORFDWLRQ i  Eip
W  RWKHUZLVH Eip
W   
,QWKH0,/3PRGHOGHYHORSHGLQ+HDQG3HHWDRQO\ELQDU\YDULDEOHV yip
W DUHXVHGDVGHFLVLRQYDULDEOHV
DVVRFLDWHGZLWK WKH UHVRXUFHDVVLJQPHQW$VELQDU\YDULDEOHV yip
W LQGLFDWH WKHDVVLJQPHQWVWDWXVDW LQGLYLGXDO WLPH
VWHSVDQGGRQRWDFFRXQWIRUWKHFRQWLQXLW\RI WKHDVVLJQPHQWD ODUJHQXPEHURIVQHHGWREHGHWHUPLQHGE\WKH
SURJUDP $V D UHVXOW PRGHOLQJ WKH '5$ SUREOHP SXUHO\ EDVHG RQ ELQDU\ YDULDEOHV ipyW LQGXFHV D KLJK
FRPSXWDWLRQDOFRPSOH[LW\GXHWRWKHLQKHUHQWFRPELQDWRULDOIHDWXUH
%\FRQWUDVWWKHSURSRVHGPRGHOLQWURGXFHVWKHVWDUWDQGHQGWLPHVWHSVRIWKHUHVRXUFHDVVLJQPHQWVFKHGXOH$V
WKHPRGHOIRFXVHVRQGHWHUPLQLQJWKHVWDUWDQGHQGWLPHVWHSVRIDQDVVLJQPHQWVFKHGXOHIRUHDFKUHVRXUFHDWHDFK
ORFDWLRQDGGLWLRQDOFRQVWUDLQWVDUHDGGHGLQWRWKHPRGHOIRUPXODWLRQZKLFKFDQSURYLGHWLJKWHUFXWVLQGHYHORSLQJ
VROXWLRQDOJRULWKPV7KLVLVEDVHGRQWKHREVHUYDWLRQWKDWIRUJLYHQUHVRXUFH p DQGORFDWLRQ i RQFHWKHVWDUWWLPH
VWHS DQGHQGWLPHVWHS W DUHGHWHUPLQHGLH DQG Eip
W  WKHQIRUDQ\WLPHVWHS  yip
W  
$QRWKHU VHW RI GHFLVLRQYDULDEOHV xij
W  UHSUHVHQW WKH HYDFXDWLRQ IORZVRQ OLQN i j  DW WLPHSRLQW W :KHQ WKH
G\QDPLFUHVRXUFHDOORFDWLRQSODQLVJLYHQWKHG\QDPLFHYDFXDWLRQIORZV xij
W FDQEHGHWHUPLQHGE\VROYLQJWKH($)
&RPSDUHGZLWKWKHPRGHOLQ+HDQG3HHWDEXLOWXSRQWKH&70WKHSUREOHPVL]HLVPXFKVPDOOHUDV
WKH($)GRHVQRWQHHGWRGLYLGHWKHOLQNLQWRFHOOV0RUHLPSRUWDQWO\WKH($)PDLQWDLQVDWLPHH[SDQGHGQHWZRUN
VWUXFWXUHZKLFKDVVLVWVLQGHYHORSLQJHIILFLHQWDOJRULWKPVIRUODUJHVFDOHQHWZRUNV
3.2. Objective function 
7KHREMHFWLYHRIWKHSURSRVHGPRGHOLVWRPLQLPL]HWKHWRWDOV\VWHPWUDYHOWLPHRIDOOHYDFXHHVLQWKHHYDFXDWLRQ
SURFHVVZKLFKLVDFRPPRQO\XVHGREMHFWLYHRIWKH62'7$7KHWRWDOV\VWHPWUDYHOWLPHFDQEHFRPSXWHGE\WKH
VXPPDWLRQRIYHKLFOHV DVVLJQHGRQ WKH OLQNPXOWLSOLHGE\ WKH OLQN WUDYHUVDO WLPH7KLV62'7$REMHFWLYHFDQEH
WUDQVIRUPHGLQWRPLQLPL]LQJWKHWXUQVWLOHFRVW7KHWXUQVWLOHFRVWDPRQJOLQNVLQWKLVVHWWLQJLVGHILQHGDVQRQ]HURLI
DQGRQO\LIWKHOLQNLVFRQQHFWHGWRWKHVLQJOHGHVWLQDWLRQQRGHRUWKHVXSHUVLQNQRGHDQGLV]HURIRUDOORWKHUOLQNV
7KH WXUQVWLOH FRVWPHDVXUHV WKHPRPHQWRI WLPHZKHQHYDFXHHV UHDFK WKHLUGHVWLQDWLRQV+HQFHPLQLPL]LQJ WRWDO
WUDYHO WLPH ZKHUH WKH WLPH IXQFWLRQ LV UHSUHVHQWHG E\ WKH WXUQVWLOH FRVW ± DOVR NQRZQ DV WKH PLQWXUQVWLOH FRVW
SUREOHP± OHDGV WRDGGUHVVLQJ WKH62'7$ZKHUH WKHFRVW IXQFWLRQ LVXQLIRUP LQ WKHQHWZRUN7KHGLVFUHWHWLPH
IRUPXODWLRQRIWKHPLQWXUQVWLOHFRVWFDQEHUHSUHVHQWHGDV
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3.3. Dynamic resource allocation constraints 
7KLVVHFWLRQSUHVHQWVWKUHHVHWVRIFRQVWUDLQWVLPSRVHGRQWKHG\QDPLFUHVRXUFHDOORFDWLRQ(DFKVHWRIFRQVWUDLQWV
FRUUHVSRQGVWRDQDVVXPSWLRQSUHVHQWHGLQ6HFWLRQ7KHVHFRQVWUDLQWVDUHPDLQO\EXLOWXSRQWKHELQDU\GHFLVLRQ
YDULDEOHV Sip
W DQG Eip
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3.3.1. Resource assignment constraints 
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Minimum time that resources are assigned to a location
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Resource reallocation transition time constraints
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UHDOORFDWLRQWUDQVLWLRQWLPHUHTXLUHPHQWLQ$VVXPSWLRQFDQEHPDWKHPDWLFDOO\IRUPXODWHGDV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M¦ LVD ODUJHQXPEHUUHSUHVHQWLQJWKHXSSHUERXQGRIWKHVXPPDWLRQRI WUDYHO WLPHLQWHUYDOV
IURP RQH SRWHQWLDO ORFDWLRQ WR DQ\ RWKHU ORFDWLRQ ,I Eip
W    WKH LQHTXDOLW\ S jp
W t
t 
cij¦j  jzi
M¦ dC LV VDWLVILHG
DXWRPDWLFDOO\2Q WKH FRQWUDU\ LI Eip
W   LQHTXDOLW\ S jp
W t
t 
cij¦j  jzi
M¦ d  HQIRUFHV S jpW t  IRU DOOd t d cij  j z i 
VXFK WKDW UHVRXUFH p FDQQRW EH DVVLJQHG WR DQ\ ORFDWLRQ DQG j z i IRU WLPH VWHSV t  cij  7KHUHIRUH
LQHTXDOLW\  LV HTXLYDOHQW WR LQHTXDOLW\  1RWH WKDW GXH WR LWV VXPPDWLRQ IRUP LQHTXDOLW\  SURYLGHV D
WLJKWHUFXWDQGVLJQLILFDQWO\UHGXFHVWKHSUREOHPVL]H
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3.4. Modeling impacts from deployed resources 
7KH LPSDFWV IURP WKH GHSOR\HG UHVRXUFHV DUH PRGHOHG DV OLQN FDSDFLW\ LQFUHDVH IRU OLQNV FRQQHFWLQJ WR WKH
LQWHUVHFWLRQVZLWKDVVLJQHGUHVRXUFHV,QSDUWLFXODULIDQ\UHVRXUFHLVDVVLJQHGWRLQWHUVHFWLRQ i DWWLPHVWHSW WKHQ
DOOOLQNVZLWKWDLOQRGH i KDYHDQDGGLWLRQDOFDSDFLW\GHQRWHGE\ 'qij 7KHUHIRUHIRUDQ\OLQN i j  LWVOLQNFDSDFLW\
FDQ EH UHSUHVHQWHG E\ qij  yip
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LQFUHDVH LQ YDOXH DV qij  'qij  7KH OLQN FDSDFLW\ FRQVWUDLQW  FDQ EH UHYLVHG FRUUHVSRQGLQJO\ DV WKH IROORZLQJ
LQHTXDOLW\WRGHVFULEHWKHLPSDFWVIURPWKHGHSOR\HGPRYHDEOHUHVRXUFHV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3.5. Summary of the model and discussion 
7KH G\QDPLF UHVRXUFH DOORFDWLRQ FRQVWUDLQWV SUHVHQWHG LQ WKH SUHYLRXV VHFWLRQ DV ZHOO DV WKH PDVV EDODQFH
FRQVWUDLQWV  DQG FDSDFLW\ FRQVWUDLQWV  RQ OLQN IORZV UHPDLQ OLQHDU LQ WKH SURSRVHG IRUPXODWLRQ 7KLV
OLQHDULW\HQDEOHVWKH'5$SUREOHPWREHIRUPXODWHGDVD0,/37KHPDWKHPDWLFDOIRUPXODWLRQRIWKH'5$SUREOHP
LVVXPPDUL]HGDVIROORZV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7KHSURSRVHG0,/3PRGHOIRUWKH'5$SUREOHPLVHVWDEOLVKHGRQRQHVHWRIUHDOYDULDEOHV xij
W DQGWKUHHVHWVRI
ELQDU\YDULDEOHV yip
W  Sip
W DQG Eip
W DVGLVFXVVHGLQ6HFWLRQ&RPSDUHGZLWKWKH0,/3PRGHOSURSRVHGLQ+HDQG
3HHWD  WKLVPRGHODGRSWV($)WRGHWHUPLQH WKHG\QDPLF WUDIILF IORZVDQG WZRDGGLWLRQDOVHWVRIDX[LOLDU\
YDULDEOHV Sip
W  DQG Eip
W DUH LQWURGXFHG WR WKHPRGHO 1RWH WKDW LI DOO WKH yip
W YDULDEOHV DUH NQRZQ WKHQ WKH ELQDU\
YDULDEOHV Sip
W DQG Eip
W DUHGHWHUPLQHGDXWRPDWLFDOO\%HFDXVHRIWKLVWKH0,/3PRGHOFDQEHUHIRUPXODWHG
WR RPLW DOO DX[LOLDU\ YDULDEOHV Sip
W  DQG Eip
W  %\ GRLQJ VR WKH QXPEHU RI ELQDU\ YDULDEOHV LQ WKH IRUPXODWLRQ LV
UHGXFHGE\DIDFWRURIWKUHH7KHUHVXOWLQJUHIRUPXODWLRQFDQEHPRUHFRPSDFWLQWHUPVRISUREOHPVL]H
+RZHYHU WKHUHDUHEHQHILWV WR LQFOXGHDX[LOLDU\YDULDEOHV Sip
W DQG Eip
W LQ WKHSURSRVHG0,/3PRGHO 
7KHPDLQDGYDQWDJHRIWKH0,/3PRGHOLVWKDWXVLQJDX[LOLDU\YDULDEOHV Sip
W DQG Eip
W FDQJHQHUDWHVWURQJ
HTXDOLWLHVZKLFKLVEHQHILFLDOWRLGHQWLI\WKHRSWLPDOVROXWLRQHIILFLHQWO\(TXDOLWLHVSURYLGHDKLJKGHJUHH
RIFRUUHODWLRQEHWZHHQWKHGHFLVLRQYDULDEOHV yip
W DQGDX[LOLDU\YDULDEOHV Sip
W DQG Eip
W DVGLVFXVVHGLQ6HFWLRQ
,QRSHUDWLRQVUHVHDUFKOLWHUDWXUHLQWURGXFLQJWKHVWDUWWLPHDQGHQGWLPHELQDU\YDULDEOHVLVDFRPPRQDSSURDFK
WRPRGHOVFKHGXOLQJSUREOHPV)RUH[DPSOH$UUR\RDQG&RQHMRSURSRVHGD0,/3IRUPXODWLRQIRUWKHXQLW
FRPPLWPHQWSUREOHP*DUYHU LQ WKHSRZHU LQGXVWU\ZKHUHJHQHUDWRUV¶VWDUWXSDQGVKXWGRZQVWDWXVHVDUH
XVHG DV DX[LOLDU\ YDULDEOHV WR PRGHO WKH RQRII VWDWXV RI JHQHUDWRUV $OWKRXJK &DUULyQ DQG $UUR\R 
UHIRUPXODWHG WKHSUREOHPE\HOLPLQDWLQJ WKHDX[LOLDU\ELQDU\YDULDEOH WRKDYHDFRPSDFW IRUPXODWLRQ LWKDVEHHQ
VKRZQ E\ 2VWURZVNL HW DO  WKDW LQFOXGLQJ WKH VWDUWXS DQG VKXWGRZQ ELQDU\ YDULDEOHV GHFUHDVHV LWV
FRPSXWDWLRQDOEXUGHQLQFRPSDULVRQZLWKWKHPRGHOXVLQJRQO\FRPPLWPHQWELQDU\YDULDEOHVLHZLWKRXWWKHVWDUW
XS DQG VKXWGRZQ RQHV 7KHLU ILQGLQJ LOOXVWUDWHV WKDW DGGLQJ ELQDU\ YDULDEOHV LQ VFKHGXOLQJ SUREOHPV KHOSV
VWUHQJWKHQWKHOLQHDUUHOD[DWLRQVDQGKHQFHWKHERXQGVXVHGLQWKHEUDQFKDQGERXQGDOJRULWKPWRVROYHWKH0,/3
$QRWKHU DGYDQWDJH RI NHHSLQJ DX[LOLDU\ YDULDEOHV Sip
W DQG Eip
W LQ WKH 0,/3 PRGHO LV WKDW WKH LQWHJUDOLW\
FRQVWUDLQWVRQGHFLVLRQYDULDEOHV yip
W FDQEHUHOD[HGDVLQWKHIROORZLQJSURSRVLWLRQ
3URSRVLWLRQ  ,Q WKH SURSRVHG0,/3PRGHO  IRU WKH'5$SUREOHP WKH LQWHJUDOLW\ FRQVWUDLQWV  RQ
GHFLVLRQYDULDEOHV yip
W FDQEHUHOD[HGDV
Ö   ipy i p
W Wd d    & ( ,   
3URRI )RUDQ\UHVRXUFH p DWORFDWLRQ i DWWLPHVWHSW  Siptt 
W¦ FDQEHHLWKHU]HURRURQHGXHWRFRQVWUDLQW
DQG Eip
t
t 
W ¦ FDQEHHLWKHU]HURRURQHDVZHOOGXHWRFRQVWUDLQW,QDGGLWLRQLQHTXDOLW\ Eiptt 
W ¦ d Siptt 
W¦ LVWUXH
GXHWR3URSRVLWLRQ7KHUHIRUH ipyW  LI Eip
t
t 
W ¦  Siptt 
W¦ DQG yipW  LI Eiptt 
W ¦  Siptt 
W¦ GXHWRFRQVWUDLQW
7KHLQWHJUDOLW\FRQVWUDLQWVRQ yip
W FDQEHUHOD[HGE\ER[FRQVWUDLQWV  d yip
W d   ז
6ROXWLRQDOJRULWKP
'LVFUHWH QHWZRUN GHVLJQ SUREOHPV LQFOXGLQJ WKRVH IRU HYDFXDWLRQ SODQQLQJ DUH W\SLFDOO\ 13KDUG +HXULVWLF
PHWKRGV DUH W\SLFDOO\ XVHG DV VROXWLRQ DSSURDFKHV WR DGGUHVV VXFK FRPELQDWRULDO RSWLPL]DWLRQ SUREOHPV )RU
H[DPSOH7DEXVHDUFKLVXVHGWRVROYHWKHFRQWUDIORZSUREOHP7X\GHVDQG=LOLDVNRSRXORV;LHDQG7XUQTXLVW
0HDQZKLOHGHFRPSRVLWLRQVFKHPHVKDYHEHHQDSSOLHGWRUHGXFHSUREOHPFRPSOH[LW\DQGGHYHORSHIILFLHQW
VROXWLRQDOJRULWKPV)RUH[DPSOH/LHWDODSSOLHGWKH'DQW]LJ:ROIHGHFRPSRVLWLRQVFKHPHWRGHYHORSDQ
HIILFLHQWDOJRULWKPWRVROYH&70EDVHG62'7$
6ROYLQJ WKH '5$ SUREOHP LV PRUH GLIILFXOW WKDQ WKH FODVVLFDO VWDWLF QHWZRUN GHVLJQ SUREOHP LQ HYDFXDWLRQ
SODQQLQJ DV WKH WLPH GLPHQVLRQ LV LQFOXGHG ,Q+H DQG 3HHWD  DQ DSSUR[LPDWLRQ DSSURDFKZDV GHYHORSHG
EDVHG RQ D WZRVWDJH RSWLPL]DWLRQ SURJUDP IRUPXODWLRQ +RZHYHU LW FDQQRW JXDUDQWHH WKDW WKH VROXWLRQ ZLOO
FRQYHUJHWRRSWLPDOLW\WKRXJKLWLOOXVWUDWHVJRRGFRPSXWDWLRQDOHIILFLHQF\
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5HDOL]LQJ WKH VHSDUDEOH VWUXFWXUH RI WKH 0,/3 PRGHO  ZH SURSRVH KHUH WR DSSO\ WKH %HQGHUV
GHFRPSRVLWLRQVFKHPHWRVROYHWKH'5$SUREOHP7KHVHSDUDELOLW\RIWKH0,/3PRGHOFDQEHDQDO\]HGDV
IROORZV,QPRGHOWKHHYDFXDWLRQOLQNIORZYDULDEOHV xij
W DUHDVVRFLDWHGZLWKDVHWRIFRQVWUDLQWV
FRUUHVSRQGLQJ WR WKH($)SUREOHP&RQVWUDLQWV  DUH UHODWHG WR WKHPRUH GLIILFXOW GHFLVLRQYDULDEOHV yip
W 
Sip
W DQG Eip
W IRUGHWHUPLQLQJWKHG\QDPLFUHVRXUFHDOORFDWLRQ2QO\RQHVHWRIFRQVWUDLQWVLHFDSDFLW\FRQVWUDLQWV
LQYROYHERWK xij
W DQG yip
W &RQVWUDLQWVFDQEHUHSUHVHQWHGE\DFRQFLVHPDWUL[IRUP
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ZKHUH Ȗ LVDYHFWRUWKDWLQFOXGHV yip
W  Sip
W DQG Eip
W WKHILUVWURZRIWKHEORFNPDWUL[GHVFULEHVFRQVWUDLQWV
DQG WKH VHFRQG URZ RI WKH EORFN PDWUL[ UHSUHVHQWV WKH FDSDFLW\ FRQVWUDLQWV  'HILQH PDWUL[ > @c $ % , 
  > @c ) Ȗ  4Ȗ DQGYHFWRU > @c J E T 7KHIHDVLEOHVHWIRUELQDU\YDULDEOHV yipW  SipW DQG EipW LVGHILQHGDV
 ^ `  &RQVWUDLQWVip ip ipy S EW W W ī  
7KHQZHKDYHDFRQFLVHUHSUHVHQWDWLRQRI0,/3PRGHOFRUUHVSRQGLQJWR
1RWHWKDWIRUDQ\JLYHQIHDVLEOHG\QDPLFUHVRXUFHDOORFDWLRQSODQ Ȗ ī VROYLQJWKHSUREOHP
  ^ `PLQ _ c d  t[ Z [ $[ J ) Ȗ [   
LVHTXLYDOHQWWRVROYLQJWKH($)SUREOHPZLWKWKHUHYLVHGFDSDFLW\VSHFLILHGE\(T%\VROYLQJWKHGXDO
SUREOHP RI  WKH GXDO YDOXHV WR WKH FRQVWUDLQWV  FDQ SURYLGH WKH LQIRUPDWLRQ RQ WKH V\VWHP WUDYHO WLPH
UHGXFWLRQ LI WKH FDSDFLW\ RI OLQN i j  LQFUHDVHV E\ RQH XQLW DW WLPH VWHS W  'HQRWH uijW DV WKH GXDO YDULDEOH IRU
FRQVWUDLQW $FFRUGLQJ WR GXDOLW\ WKHRU\ LI D VSHFLILF FRQVWUDLQW  LV ELQGLQJ WKHQ uij
W    ,W LPSOLHV WKDW
DVVLJQLQJDUHVRXUFHWRWKHFRUUHVSRQGLQJGRZQVWUHDPLQWHUVHFWLRQ i DWWLPHVWHSW ZLOOEHEHQHILFLDOWRUHGXFHWKH
WRWDOV\VWHPWUDYHOWLPH,IFRQVWUDLQWLVQRWELQGLQJWKHQ uij
W   PHDQLQJWKDWDVVLJQLQJDUHVRXUFHZRXOGQRW
EHKHOSIXOWRLPSURYHWKHHYDFXDWLRQQHWZRUNSHUIRUPDQFH7KXVWKHGXDOYDULDEOHVWRFRQVWUDLQWVSURYLGHWKH
FULWLFDOLQIRUPDWLRQWRVHOHFWWKHVWDUWWLPHVWHSDQGHQGWLPHVWHSRIWKHG\QDPLFUHVRXUFHDOORFDWLRQV
$VGLVFXVVHGLQ6HFWLRQ%HQGHUVGHFRPSRVLWLRQUHTXLUHVVROYLQJWKHGXDOSUREOHPRIZKLFKLVQRORQJHU
WKH($)SUREOHP7RPDLQWDLQ WKH($)VWUXFWXUHZKLFK LVHDVLHU WRVROYHZHDSSO\ WKHGXDOVLPSOH[PHWKRG WR
VROYH WKH ($) SUREOHP DQG WKXV REWDLQ WKH GXDO YHFWRU X DVVRFLDWHGZLWK (T  LQVWHDG RI VROYLQJ WKH GXDO
SUREOHPGLUHFWO\7KH VHW RIGXDO YHFWRUV DUHXVHG WR FRPSXWH   cJ ) Ȗ X ZKLFK IXUWKHUJHQHUDWHV WKH%HQGHUV
RSWLPDOLW\ FXW 1RWH WKDW ZH DOZD\V JHQHUDWH D IHDVLEOH G\QDPLF UHVRXUFH DOORFDWLRQ SODQ Ȗ ī LQ WKH SULPDO
SUREOHP7KXVWKHGXDOSUREOHPRILVDOZD\VERXQGHG+HQFHWKHDX[LOLDU\SUREOHPLQWKHSURSRVHG%HQGHUV
GHFRPSRVLWLRQVFKHPHUHGXFHVWRXVLQJWKHGXDOVLPSOH[PHWKRGWRVROYHWKH($)SUREOHPZKLFKLVDPLQLPXP
FRVWQHWZRUNIORZSUREOHPRQWKHWLPHH[SDQGHGQHWZRUN
:HFDQFRQVWUXFWWKHVROXWLRQDOJRULWKPIRUWKH0,/3PRGHOE\IROORZLQJWKH%HQGHUVGHFRPSRVLWLRQ
VFKHPHSUHVHQWHGLQ6HFWLRQDVIROORZV
6WHS6HOHFW H !  IRUWKHVWRSFULWHULRQ&RQVWUXFWWKHUHVWULFWHGPDVWHUSUREOHP503DVIROORZV PLQ z VXEMHFW
WR FRQVWUDLQWV 6ROYH WKH503REWDLQDQ LQLWLDO IHDVLEOHG\QDPLF UHVRXUFHDOORFDWLRQSODQ Ȗ  VHW WKH
LWHUDWLRQFRXQWHU n   LQLWLDOL]HXSSHUERXQGUB  f DQGORZHUERXQG LB  f 
6WHS6HWFRXQWHU n  n8SGDWHWKHOLQNFDSDFLW\EDVHGRQWKHIL[HGG\QDPLFUHVRXUFHDOORFDWLRQYDULDEOHV nȖ 
8VH WKH GXDO VLPSOH[PHWKRG WR VROYH WKH ($) SUREOHP  ±  DQG REWDLQ GXDO YHFWRU nX DVVRFLDWHG ZLWK
HTXDWLRQ&RPSXWH   n ncJ ) Ȗ X DQGXSGDWH   PLQ  n nUB UB­ ½c ® ¾
¯ ¿
J ) Ȗ X 
6WHS,I UB  LB  UB  H VWRS7KHSUREOHPLVVROYHGWRRSWLPDOLW\2WKHUZLVHJRWR6WHS
6WHS  $GG WKH FRQVWUDLQW   n nz ct J ) Ȗ X WR WKH 503 6ROYH WKH XSGDWHG 503 WR GHWHUPLQH WKH RSWLPDO
VROXWLRQ nȖ DQGREMHFWLYHYDOXH zn /HW LB  zn *RWR6WHS
,Q6WHSRIHDFKLWHUDWLRQVROYLQJWKH($)SUREOHPLGHQWLILHVDG\QDPLFWUDIILFIORZSDWWHUQZLWKDUHGXFHGWRWDO
V\VWHP WUDYHO WLPH EDVHG RQ WKH LPSURYHG G\QDPLF UHVRXUFH DOORFDWLRQ SODQ 7KHUHIRUH WKH YDOXH RI REMHFWLYH
IXQFWLRQRIWKH($)SUREOHPSURYLGHVDQLPSURYHGXSSHUERXQGWRWKHHYDFXDWLRQ7KHHOHPHQWVLQWKHGXDOYHFWRU
nX REWDLQHG E\ VROYLQJ WKH ($) SUREOHP  LQGLFDWH WKH EHQHILWV RI DVVLJQLQJ WKH UHVRXUFHV WR VSHFLILF
ORFDWLRQVDQGWLPHVWHSV7KLVLQIRUPDWLRQLVXVHGWRLQWURGXFHWKHRSWLPDOLW\FXW   n nz ct J ) Ȗ X LQWRWKH503
LQ6WHS$VDVXEVHWRIFRQVWUDLQWVUHODWHGWRG\QDPLFWUDIILFIORZVDUHFRQVLGHUHGLQVROYLQJWKH503WKHYDOXHRI
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REMHFWLYH IXQFWLRQRI WKH503SURYLGHVD ORZHUERXQG WR WKHHYDFXDWLRQ7KH ORZHUERXQGZRXOG OLNHO\ LQFUHDVH
ZKHQRQHPRUHFRQVWUDLQWLVLQWURGXFHGWRWKH503LQHDFKLWHUDWLRQ,IWKHUHODWLYHJDSEHWZHHQWKHXSSHUDQGORZHU
ERXQGVLVOHVVWKDQDSUHVSHFLILHGWKUHVKROGYDOXHWKHRSWLPDOG\QDPLFUHVRXUFHDOORFDWLRQSODQLVLGHQWLILHG
7KHPDLQFRPSXWDWLRQDOEXUGHQRIWKLVVROXWLRQDOJRULWKPOLHVLQ6WHSZKHUHDPL[HGLQWHJHUOLQHDUSURJUDP
0,/3 QHHGV WR EH VROYHG 7KH LQWURGXFWLRQ RI WKH DX[LOLDU\ YDULDEOHV Sip
W DQG Eip
W VXEVWDQWLDOO\ UHGXFHV WKH
FRPSOH[LW\ RI VROYLQJ WKH0,/3 %\ GHWHUPLQLQJ WKH VWDUWLQJ DQG HQGLQJ WLPH LQGH[ YDULDEOHV Sip
W DQG Eip
W  WKH
G\QDPLF UHVRXUFH DOORFDWLRQ YDULDEOHV ipy
W DUH REWDLQHG DXWRPDWLFDOO\ GXH WR HTXDWLRQ  7KLV VLJQLILFDQWO\
UHGXFHV WKH FRPSXWDWLRQDO FRPSOH[LW\ LQGXFHG E\ WKH FRPELQDWLRQV RI ELQDU\ YDULDEOHV ipy
W  7KH FRPSXWDWLRQDO
EXUGHQRIVROYLQJWKH($)SUREOHPLQ6WHSLVQHJOLJLEOHDVLWKDVDFODVVLFDOQHWZRUNIORZVWUXFWXUHWKDWFDQEH
VROYHGHIILFLHQWO\E\WKHQHWZRUNVLPSOH[PHWKRG
1XPHULFDOH[DPSOH
7KH'DOODV)RUW:RUWKQHWZRUNVKRZQLQ)LJLVXVHGWRSHUIRUPWKHQXPHULFDODQDO\VLVRIWKH'5$PRGHO
7KHQHWZRUNFRQVLVWVRIQRGHVOLQNVDQGWUDIILFDQDO\WLF]RQHV7$=7KHVL]HRIWKHQHWZRUNLQWHUPV
RI WRWDO PLOHV LV DSSUR[LPDWHO\ PLOHV (DFK WLPH VWHS FRQVLVWV RI  VHFRQGV DQG WKH WRWDO KRUL]RQ LV 
PLQXWHVRUWLPHVWHSV
7KHQHWZRUNFRQVLVWVRIDIUHHZD\DUWHULDOVDQGORFDOVWUHHWV$IUHHZD\EHWZHHQQRGHVDQGLVFRQQHFWHG
WR DUWHULDOV E\ D VHW RI RQ DQG RIIUDPSV 7KH IUHHZD\ KDV FDSDFLW\  YHKKUODQH DQG IUHH IORZ VSHHG 
PLOHVKU DQG DUWHULDOV KDYH FDSDFLW\  YHKKUODQH DQG IUHH IORZ VSHHG  PLOHVKU 2Q DQG RIIUDPSV KDYH
FDSDFLW\YHKKUODQHDQGIUHHIORZVSHHGRIPLOHVKU:LWK WKHDOORFDWLRQRIUHVRXUFHVDW LQWHUVHFWLRQVRQ
DUWHULDOVDQGRQDQGRIIUDPSVWKHDGGLWLRQDOFDSDFLW\LVYHKKUODQH
7KHWRWDOHYDFXDWLRQGHPDQGLVDQGVKRZQLQ7DEOH$OOWKHERXQGDU\QRGHVDVKLJKOLJKWHGLQ)LJ
DUHGHVWLQDWLRQV7KHUHDUHUHVRXUFHVWUDLQHGSROLFHSHUVRQQHOZKRFRXOGEHDOORFDWHGDWORFDWLRQVZKLFKDUH
KLJKOLJKWHG)LJ7KH'5$PRGHOLVVROYHGE\&3/(;LQWKH3\WKRQLQWHUIDFH7KHUHODWLYHJDSRIWKHVWRS
FULWHULRQLVLH UB  LB  UB 7KHFRPSXWDWLRQDOHQYLURQPHQWFRQVLVWVRIDQ,QWHO;HRQ&RUH(
3URFHVVRU*+]ZLWK*%RI5$0
7KH($)SUREOHP LV VROYHG XVLQJ WKH GXDO VLPSOH[PHWKRG RQ WKH WLPHH[SDQGHG QHWZRUN:LWKRXW UHVRXUFH
DOORFDWLRQ WKHQHWZRUN WDNHVPLQXWHV WREH FOHDUHG DQG WKH WRWDO V\VWHP WUDYHO WLPH LV YHKLFOHKRXUV
:LWK UHVRXUFHDOORFDWLRQ WKHQHWZRUN WDNHVPLQXWHV WREH FOHDUHG DQG WKH WRWDO V\VWHP WUDYHO WLPH LV 
YHKLFOHKRXUV7KHLPSURYHPHQWRIFOHDUDQFHWLPHLVDERXWDQGWKHLPSURYHPHQWRIWRWDOV\VWHPWUDYHOWLPHLV
DERXW$WFRQYHUJHQFHWKHXSSHUERXQGLVWKHORZHUERXQGLVDQGWKHUHODWLYHJDSLV
7KHDUULYDOIORZVDWWKHGHVWLQDWLRQZLWKDQGZLWKRXWUHVRXUFHDOORFDWLRQDUHSORWWHGLQ)LJ7KHPDMRULW\RIWKH
FRPSXWDWLRQDO WLPH LV XVHG WR VROYH WKH503ZKLFK LV DPL[HG LQWHJHU SURJUDP7KH WLPH WR VROYH WKH($) LV
QHJOLJLEOH ,W JHQHUDWHV WKUHH%HQGHUV RSWLPDOLW\ FXWV WR UHDFK WKH UHODWLYH JDS RI ZKLFK LQGLFDWHV WKDW WKH
JHQHUDWHG%HQGHUVFXWVDUHHIIHFWLYH
7KHQXPHULFDOH[DPSOHLOOXVWUDWHVWKDWWKHFRPSXWDWLRQDOHIILFLHQF\LVVLJQLILFDQWO\LPSURYHGFRPSDUHGZLWKWKH
'5$PRGHOEXLOWXSRQ WKH&70$VUHSRUWHG LQ+HDQG3HHWDD'5$SUREOHPZDVFRQVLGHUHGRQDJULG
QHWZRUNZLWKQRGHVDQGOLQNVDQGIRXUPRYHDEOHUHVRXUFHVZHUHDVVLJQHGWRSRWHQWLDOORFDWLRQVWRDVVLVW
WKHHYDFXDWLRQRIHYDFXHHVLQRQHKRXU,QWKDWH[DPSOH&3/(;IDLOHGWRLGHQWLI\DVROXWLRQWRVDWLVI\WKH
VWRSSLQJFULWHULRQRIJDSDIWHUPRUHWKDQKRXUVRIFRPSXWDWLRQDOWLPH,QFRPSDULVRQLQWKLVVWXG\&3/(;
WRRNRQO\KRXUVWRLGHQWLI\WKHVROXWLRQZLWKRSWLPDOLW\JDSE\DSSO\LQJWKHSURSRVHG0,/3PRGHODQGWKH
%HQGHUVGHFRPSRVLWLRQVFKHPH
7DEOH(YDFXDWLRQGHPDQG
1RGH 'HPDQG
 
 
 
 
 

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)LJ$UULYDOIORZSDWWHUQZLWKDQGZLWKRXWG\QDPLFUHVRXUFHDOORFDWLRQ
7KHUHVRXUFHDOORFDWLRQLVSORWWHGLQ)LJ7KHILUVWUHVRXUFHLVDOORFDWHGWRQRGHIRUWKHILUVWPLQXWHV,W
WKHQPRYHVWRQRGHIRUWKHSHULRGPLQXWHVDQGWKHQPRYHVWRQRGHIRUWKHSHULRGPLQXWHV
7KHVHFRQGUHVRXUFHLVDOORFDWHGWRQRGHIRUWKHILUVWPLQXWHVDQGWKHQPRYHVWRQRGHIRUWKHSHULRG
PLQXWHV7KHWKLUGUHVRXUFHLVDOORFDWHGWRQRGHIRUWKHILUVWPLQXWHVDQGWKHQPRYHVWRQRGHIRUWKH
SHULRGPLQXWHVDQGWKHQPRYHVWRQRGHIRUWKHSHULRGPLQXWHV7KHIRXUWKUHVRXUFHLVDOORFDWHGWR
QRGHIRUWKHSHULRGPLQXWHVDQGWKHILIWKUHVRXUFHLVDOORFDWHGWRQRGHIRUWKHSHULRGPLQXWHV$V
WKH GHPDQG DW QRGHV DQG LV UHODWLYHO\ KLJK WKH IRXUWK DQG ILIWK UHVRXUFHV DUH DOORFDWHG WKHUH WR IDFLOLWDWH
HYDFXDWLRQZLWKRXWPRYHV7KH ILUVW WKUHH UHVRXUFHVPRYHRQFHRU WZLFH$V WKHGHPDQGDW QRGHV DQG LV
UHODWLYHO\ ORZ WKH VHFRQGDQG WKLUG UHVRXUFHVDUHDOORFDWHG WRQRGHVDQG LQLWLDOO\ DQGDIWHU WKRVH
GHPDQGVDUHFOHDUHGWKH\DUHPRYHGWRQRGHVDQGWRIDFLOLWDWHWKHGHPDQGDWZKLFKLVUHODWLYHO\KLJK
(DFK UHVRXUFH LV DOORFDWHG DW WKH VDPH ORFDWLRQ IRU DW OHDVW  PLQXWHV DV VSHFLILHG LQ WKH PLQLPDO WLPH VSDQ
FRQVWUDLQW 7KHVROXWLRQLOOXVWUDWHV WKDW WKH'5$SUREOHPFDQG\QDPLFDOO\DOORFDWHUHVRXUFHV WRVSHHGXS WKH
HYDFXDWLRQSURFHVVRQDODUJHVFDOHQHWZRUN
&RQFOXGLQJUHPDUNV
7KLV VWXG\ DGYDQFHV ERWK PHWKRGRORJLFDO DQG FRPSXWDWLRQDO UHVHDUFK RQ WKH G\QDPLF UHVRXUFH DOORFDWLRQ
SUREOHP2QWKHPHWKRGRORJLFDOVLGH WKLVSDSHUSURSRVHVD0,/3IRUPXODWLRQE\DSSO\LQJWKH($)WRGHWHUPLQH
G\QDPLF HYDFXDWLRQ WUDIILF IORZV $GGLWLRQDO DX[LOLDU\ ELQDU\ YDULDEOHV DUH LQWURGXFHG LQWR WKH IRUPXODWLRQ WR
HQKDQFH WKHFRPSXWDWLRQDOHIILFLHQF\7KHVHYDULDEOHVGHWHUPLQH WKHVWDUWDQGHQG WLPHVWHSVRI WKHVFKHGXOHRID
PRYHDEOHUHVRXUFHDVVLJQHGDWDVSHFLILFORFDWLRQDQGDVVLVWLQGHWHUPLQLQJWKHSUHVHQFHRIWKHUHVRXUFHWKURXJKD
VHW RI VWURQJ YDOLG HTXDOLWLHV :LWK WKH LQWURGXFHG DX[LOLDU\ YDULDEOHV WKH ELQDU\ YDULDEOH yip
W LV UHOD[HG WR
FRQWLQXRXVYDULDEOHV)XUWKHUDVWKHVWDUWDQGHQGWLPHVWHSVRIDUHVRXUFHDUHDOORFDWHGDWPRVWRQFHIRUWKHHQWLUH
WLPHKRUL]RQDWDQ\ORFDWLRQVWURQJHUFXWVDUHREWDLQHGZKLFKUHGXFHWKHIHDVLEOHVHWVXEVWDQWLDOO\FRPSDUHGWRWKH
&70EDVHGPRGHOLQ+HDQG3HHWD









    
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)LJ$OORFDWLRQRIUHVRXUFHVGXULQJHYDFXDWLRQ
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7LPHPLQV
5HVRXUFH
5HVRXUFH
5HVRXUFH
5HVRXUFH
5HVRXUFH
2QWKHFRPSXWDWLRQDOVLGHDVROXWLRQDOJRULWKPLVGHYHORSHGWRVHHNRSWLPDOVROXWLRQVHIILFLHQWO\WRIDFLOLWDWHWKH
DSSOLFDWLRQRIWKH'5$PRGHOIRUODUJHVFDOHWUDQVSRUWDWLRQQHWZRUNHYDFXDWLRQSODQQLQJ&RPSDUHGZLWKH[LVWLQJ
VROXWLRQ DOJRULWKPV IRU VROYLQJ '5$ SUREOHP WKH SURSRVHG VROXWLRQ DOJRULWKP FDQ VROYH DQ RSWLPDO UHVRXUFH
DOORFDWLRQSODQIRUODUJHVFDOHQHWZRUNVLQUHDVRQDEOHWLPHLQDSODQQLQJFRQWH[W)XUWKHULWSURYLGHVDEHQFKPDUNWR
GHYHORSUHVRXUFHGHSOR\PHQWVWUDWHJLHV WRVXSSRUW WUDQVSRUWDWLRQQHWZRUNHYDFXDWLRQLQ WKHRSHUDWLRQDOVWDJH7KH
%HQGHUVGHFRPSRVLWLRQVFKHPHZDVLPSOHPHQWHGWRGHFRPSRVHWKH0,/3PRGHOLQWRWZRVXESUREOHPV7KHILUVW
VXESUREOHPLVWKHUHVWULFWHGPDVWHUSUREOHPZKLFKVROYHVIRUWKHIHDVLEOHUHVRXUFHDOORFDWLRQSODQ7KHVHFRQGVXE
SUREOHPLVWKH($)SUREOHPZLWKFDSDFLW\LPSURYHPHQWVSHFLILHGE\UHVRXUFHDOORFDWLRQSURYLGHGE\WKH503:H
XVHWKHGXDOVLPSOH[PHWKRGWRVROYHWKH($)RQWKHWLPHH[SDQGHGQHWZRUNDQGWKHRSWLPDOGXDOYDULDEOHVDUHXVHG
WRJHQHUDWH%HQGHUVRSWLPDOLW\FXWV:LWKWKH%HQGHUVGHFRPSRVLWLRQVFKHPHWKH'5$SUREOHPFDQEHVROYHGIRU
WKHRSWLPDOVROXWLRQRQODUJHVFDOHQHWZRUNV
7KHVWXG\RIIHUVWKHSRVVLELOLW\RIPRGHOLQJDQGVROYLQJDUDQJHRIHYDFXDWLRQSUREOHPVWRJHQHUDWHHYDFXDWLRQ
SODQV )LUVW WKH SURSRVHG G\QDPLF UHVRXUFH DOORFDWLRQ SUREOHP DQG LWV VROXWLRQ FDQ EH H[WHQGHG E\ LQWHJUDWLQJ
GHPDQGXQFHUWDLQW\LQWRWKHPRGHOLQJ7KHHIIHFWLYHQHVVRIG\QDPLFUHVRXUFHDOORFDWLRQGHSHQGVRQWKHHYDFXDWLRQ
GHPDQGGLVWULEXWLRQZKLFKLVXQFHUWDLQLQUHDOHYDFXDWLRQVFHQDULRV7KXVPRGHOLQJWKHGHPDQGXQFHUWDLQW\LQWKH
'5$SUREOHPFDQIXUWKHU LPSURYH WKHUREXVWQHVVRI'5$SODQV6HFRQG WKH'5$FDQEHIXUWKHU IRUPXODWHG IRU
PXOWLVWDJHHYDFXDWLRQSODQQLQJZKHUH WKH'5$SODQ LVPRUH VHQVLWLYH WR WKH WHPSRUDOSURILOHRI WKHHYDFXDWLRQ
IORZ7KLUGWKHSURSRVHGGHFRPSRVLWLRQIUDPHZRUNFDQSRWHQWLDOO\EHDSSOLHGWRVROYHIRUWKHRSWLPDOVROXWLRQIRU
RWKHUELOHYHOSURJUDPPLQJSUREOHPV LQ WKHFRQWH[WRIHYDFXDWLRQSODQQLQJDQGRSHUDWLRQV IRU LQVWDQFHQHWZRUN
GHVLJQFRQWUDIORZGHVLJQDQGFRPELQHGVLJQDODQGURXWLQJRSWLPL]DWLRQHWF+HQFHWKH0,/3PRGHOGHYHORSHGLQ
WKLVVWXG\FDQEHWUHDWHGDVDJHQHUDOIUDPHZRUNWRVROYHRWKHUSUREOHPVFKDUDFWHUL]HGE\DVLPLODUELOHYHOVWUXFWXUH
ZLWKWKHV\VWHPRSWLPXPREMHFWLYH
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$FNQRZOHGJHPHQWV
7KLVZRUN LV EDVHG RQ IXQGLQJ SURYLGHG E\ WKH86'HSDUWPHQW RI 7UDQVSRUWDWLRQ WKURXJK WKH1(;75$16
&HQWHUWKH86'275HJLRQ8QLYHUVLW\7UDQVSRUWDWLRQ&HQWHU7KHDXWKRUVDUHVROHO\UHVSRQVLEOHIRUWKHFRQWHQWV
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